Waste reduction can be effected by reducing the quantities of each reagent in a chemical process to the lowest acceptable minimum level. This is achievable if one can establish in the laboratory the precise needs of the reaction chemistry for each reagent. This is illustrated for the conversion of a sulfonic acid to its sulfonyl chloride using chemical reaction kinetic data and HPLC analysis. Reagent minimization and thereby waste stream minimization was effected with the only expense being that of a longer reaction time. The key elements of (1) understanding process chemistry, (2) demonstrating process workability via lab and pilot-scale production and ( 3 ) implemention of full-scale production are described.
INTRODUCTION
The concept of waste reduction is one of the simplest yet also one of the most effective means of hazardous waste management. Waste which is not generated does not have to be inventoried, stored, shipped, disposed or treated. In the same way that modern "Just-In-Time" inventory methods (1) can improve manufacturing efficiency by avoiding the handling of excess inventory and spare parts, waste reduction can be an effective means of improving efficiency in the chemical industry. At the same time, issues of regulatory compliance, cost control and most iap~rtactly, redttckg the overall amounts of man-made chemicals introduced into the environment can be satisfied. professionals who are confronted with a waste stream as an established fact which now must be dealt with. It is particularly difficult for such an individual to initiate a waste reduction program because the process chemist has already defined many of the parameters which will have to change in order to reduce the size or quality of the waste stream under consideration.
Many "after the fact" methods for handling wastes are in common use. Recycling and solvent recovery schemes are among the most effective of these.(2) The control of the waste produced internal to the process, however, is the responsibility of the process chemist and should be addressed as early as possiChemical waste management is often handled by waste treatment 357 ble in the scale-up. We describe in this paper an example from our Work in which we were able to refine our process paremeters with the explicit goal of reducing the waste generated in the process. This was achieved primrily through reduction of reagent usage.
The reaction chemistry concerned an apparently straightforward conversion of an aromatic sulfonic acid to its sulfonyl chloride in the presence of thionyl chlorideldimethyl formamide (SOCL/DMF).
At this point we already had in place a manufacturing process which we used successfully for over a year. Unfortunately, this process had several drawbacks which we hoped to correct with a refined process. Among these drawbacks, several were caused by the presence of a large excess of dimethyl formam& in the reaction mixture. The DMF was originally introduced as a cosolvent duriw the isolation of the sulfonic acid since the acid has 'limited solubility in methylene chloride, our preferred reaction solvent at that time. The use of D& as a chlorination catalyst required it to be present in at least catalytic amounts.
In order to satisfy the solubility requirements, between 4 and 5 equivalents of DMF were used.
our work on the original process that a greater amount of thionyl chloride than DMF was always required in order to obtain reasonable conversion of sulfonic acid to sulfonyl chloride. These large excesses of both reagents resulted in several problems:
1) The aqueous work-up conditions for the reaction gave as a side product, large volumes of aqueous waste containing both DMF and having high acidity due to the aqueous decomposition products from the large excesses of thionyl chloride. the acid chloride to the acid during the aqueous work-up (we had up to this point been tolerating 15-20% residual sulfonic acid in the product). required additional processing steps in order to purify the product. In particular, the removal of a large amount of waxy material in the product stream via adsorption on diatomaceous earth and filtration of each batch provided both worker exposure and waste disposal problems which were not acceptable. Our work therefore had several goals. The first was to eliminate the worker exposure problems and minimize the amount of hazardous waste generated. The second was to reduce the very large excesses of thionyl chloride and DMF. The third was to improve the conversion of the reaction.
We noted early in
2 ) The DMF was causing some reversion of
3 ) The dcid was contributing to the appearance of side products which EXPERIMENTAL Reactions were run by adding the reaction solvent (CH2Clp) followed by the dry solid sulfonic acid to a 3-neck round bottom flask equipped with a mechanical stirrer and condenser under nitrogen atmosphere. The resulting slurry vas allowed to stir for 5-10 min. at which time thionyl chloride was added. After an additional 15 min. stirring, the DMF was added. Aliquots were taken periodically, derivatized with excess p-toluidine and analyzed by HPLC. Reaction kinetics were determined from this data by following the disappearance of sulfonic acid over time and fitting the data to a plot of Ln((l-Xd/(l-Xb))
vs. time where X , is the fractional conversion of the sulfonic acid and Xb is the fractional conversion of thionyl chloride (inferred by stoichiometry), A linear regression of this data gave the rate constant, k, from the slope. The regression lines indicated a good fit (r > 0.995) to second order kinetics where
RESULTS AND DISCUSSION
Since one of our goals was the reduction of excess reagents, we began Out dependence of reaction conversion upon reagent work by attempting to define the
The first thing we noted was that the reaction does not proceed in the absence of DMF. It is not clear whether this is due to the insolubility of the sulfonic acid in the reaction media (CH2Cla) or the general low reactivity of sulfonic acids to uncatalyzed thionyl chloride.(3) Varying the level of DMF from 0.15 to 0.70 moles per mole of sulfonic acid gave a steady increase in reaction rate proportional to the amount of DMF initially charged. (Fig 1) A similar correlation was found for rate vs. initial thionyl chloride concentration. There appears to be a minimum excess of thionyl chloride required to effect complete conversion.
completion. This is believed to be the result of adventitious moisture in the starting sulfonic acid which may consume some of the thionyl chloride. Thionyl chloride levels between 1.1 and 2.6 moles per mole of sulfonic acid were used and the rate varied in direct proportion to the level of thionyl chloride initially charged. (Fig 2) Using the data from these experiments we were able to develop an empirical model for estimating the rate of reaction for any combination of initial concentrations of thionyl chloride and DMF in a specific solvent system. Using the assumption that at least one equivalent of thionyl Reactions using 1.0 equivalent failed to go to The ability to estimate the reaction rate allowed us to determine conditions which muld use the minimum reactant levels while still bringing the reaction to completion in a reasonable time on the plant scale. In order to do this we used curves for which [DMF], was plotted against [SOClzl0. The calculated rates were then connected according to reaction time.
reagent usage was to maximize reaction time. We decided at this point in agreement with our production staff, that 24 hours was an acceptable reaction time and we therefore chose values of 1. 
2.6
[ 6 0 C l l l >95% conversion in less than 24 hrs. and the remaining time is built in to provide a margin of safety. The reaction was piloted and then run on the manufacturing scale. The reduction in DMF excess had allowed us to eliminate the step requiring filtration of the batch through diatomaceous earth and its exposure problems. The new process has considerably reduced waste streams both in volurre and acidity. This resulted in a disposal cost saving of 82% compared to the previous process and a raw material cost saving of 88%. Furthermore our conversions to sulfonyl chloride are now routinely greater than 99%.
It was mentioned above that an excess of DPIF had been causing difficulties in obtaining complete conversion to product as well as requiring a larger than usual excess of thionyl chloride. This can be understood if one realizes that D W is not just a solvent but also a participant in the reaction chemistry. Conversion of the sulfonic acid to the sulfonyl chloride is believed to take place via the preconversion of thionyl chloride and DMF to dimethyl chloroformiminium chloride. In our case the high concentration of DMF led to high levels residual sulfonic acid. The clean conversions with lower levels of DMF and the same aqueous work-up implicate DMF mediated dechlorination as we suspected.
CONCLUSIONS
By understanding the process variables, our goals have been achieved and the process continues to run successfully in our manufacturing facility. A large benefit was realized by the availability of our sulfonic acid in dry solid form obviating the need to use DMF as a cosolvent. The minimization of DMF has eliminated the need for the diatomaceous earth filtration step since we no longer have the side products formed in the original process. The amount of dilute aqueous DMF to be disposed of has been thionyl chloride including that previously needed to compensate for the excess DMF has been reduced by 86%. As a result we have significantly reduced the quantity of waste generated by this process with the benefit of better, safer processing and a considerable savings in disposal costs.
The effects of this change on the production scale (1000 moles of sulfonic acid) are shown below:
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Process

SOC12
DHF
